, S = 2) ion the spin-Hamiltonian parameters were estimated for the two inequivalent Fe 2+ ions at the various temperatures. From the relative intensities of lines the absolute sign of the fine-structure parameters have been estimated. In addition, the fine-structure and hyperfine-structure spin-Hamiltonian parameters for the Mn 2+ ion, present as impurity at interstitial sites, were estimated from the hyperfine allowed and forbidden line positions. The particular virtues of such a single-crystal study vs. that on powders are noted.
Introduction
The non-Kramers Fe 2+ ion was previously considered EPR silent, because it typically possesses a very large zero-field splitting, so that the quantum of energy at X-band ($9.5 GHz) is not sufficient to match the energy-level separation for the allowed transitions DM = ±1 , where M is the electronic spin magnetic quantum number. In addition, its spin-lattice relaxation times are rather short at higher temperatures, so that the EPR lines are sufficiently broadened out, that they are not observed near room temperature. Knapp et al. [6] , and (vi) Fe 2+ in CsFe(D 2 O) 6 PO 4 by Carver et al. [7] . All these studies on biological samples containing undiluted Fe 2+ ions were on amorphous powders or frozen solutions, and the values of the zero-field splitting (ZFS) parameter, D was quite large, ranging from 11,561 to 172,452 Gauss. It is the purpose of this paper to report on a detailed multifrequency EPR study of an and 331.2 GHz) yielding the temperature variation of the Fe 2+ spectra from 5 to 35 K, and to estimate its spin-Hamiltonian parameters over this temperature range. The absolute sign of the zerofield splitting (ZFS) parameter, D, was estimated from the relative intensities of the lines at liquid-helium temperature. Mn 2+ is present as an impurity in the chemicals used for growing the crystals. Its EPR spectra were also analyzed, and its spin-Hamiltonian parameters estimated.
Experimental arrangement
2.1. Spectrometers 2.1.1. 170 GHz EPR measurements at 170 GHz were carried out at 5-35 K at ACERT (Advanced Center for Electron Spin Resonance Technologies) at Cornell University on a home-built spectrometer, based on the principles of quasi-optics, operating in the induction-mode [8] . It is equipped with a Fabry-Pérot resonator, with a separation of 1-2 cm between the mirrors, which allows one to place large single crystals in it. A superconducting magnet was employed. The field was calibrated using a Mn 2+ marker, g = 2.0145, with a precision of 5-10 G. Magnetic field modulation at 82 kHz and 3-10 mT amplitude was employed. Under these standard operating conditions, the spectra obtained appear to be absorption curves, as though there were no modulation, instead of the usual first derivative ones. This is due to rapid passage effects as originally de-scribed by Portis [9] . Because of the low temperatures, the relaxation times are long and the conditions of rapid passage are fulfilled, (i.e., relaxation times are larger, than the period of modulation and the microwave field is larger than 1/(cT 1 ) and 1/(cT 2 ) [10] . Then the line is distorted into the shape of an absorption line (Ref. [10] ). Whereas the line shapes obtained in the rapid passage spectra are significantly modified, the line positions remain unchanged, as discussed by Chemerisov et al. [11] . (Note that the use of the Fabry-Perot resonator with its substantial quality factor improves S/N, but it also enhances, B 1 at the sample. In addition, it is sensitive to microphonics, preventing the use of modulation frequencies lower than ca. 80 kHz. These normal operating conditions undoubtedly enhanced the rapid passage effects.)
222.4 and 331.2 GHz
High-frequency EPR spectra at 222.4 and 331.2 GHz were recorded on a home-built spectrometer at the EMR facility of NHMFL (National High magnetic Field, Tallahassee, Florida). The instrument was a transmission-type device in which microwaves are propagated in cylindrical lightpipes. The microwaves were generated by a phase-locked Virginia Diodes source generating a frequency of 13 ± 1 GHz and producing harmonics of which the 4th, 8th, 16th, 24th and 32nd were available. A superconducting magnet (Oxford Instruments) capable of reaching a field of 17 T was employed. The field was calibrated using DPPH, g = 2.0037. The differences between 'calibrated' and 'uncalibrated' fields are 50-90 Gauss. No resonance cavity was used. Detection was provided by a liquid-helium-cooled InSb hot-electron bolometer (QMC Ltd., Cardiff, UK). Magnetic field modulation at 40 kHz and ca. 2 mT amplitude was employed. A Stanford SR830 lock-in amplifier was used to convert the modulated signal to a DC voltage.
2.2.
Crystal: sample preparation and structure ZnSiF 6 Á6H 2 O crystals were grown by dissolving metallic zinc in fluosilicic acid and slowly evaporating the filtered solution at room temperature, to which was added FeSO 4 solution in distilled water so that there was one Fe 2+ ion for every 500 Zn 2+ ions. A drop of very dilute fluosilicic acid was added to the solution to prevent hydrolysis. Crystals were selected from crops recrystallized from aqueous solution by slow evaporation. Nice single colorless prismatic crystals with hexagonal cross section were obtained within a few days. The clear color indicated that Fe 3+ ions were not present, as they would otherwise impart a yellowish hue to the crystals. Elemental analysis confirmed that indeed Fe 2+ ions were present in the sample. The crystals were stored in mineral oil to avoid deliquescence. The sample was covered with a layer of Apiezon grease to prevent oxidation and deliquescence inside the resonators. The room temperature crystal structure of ZnSiF 6 Á6H 2 O was determined by Ray et al. [12] . Accordingly, the crystals are characterized by the unit cell parameters: a = 9.363 (3), c = 9.690 (5) Å, Z = 3, with the space group R3. However, based on our EPR results described below a structural phase transition may occur at very low temperatures, so it is not clear whether this structure accurately describes the EPR spectra. 4 GHz for the orientations with the external magnetic field (B) parallel and perpendicular to the c-axis, the latter being in the direction perpendicular to one of the sides of the hexagonal cross section of the single crystal. For each of these orientations of B, there are found two sets of spectra due to two magnetically inequivalent Fe 2+ ions, hereafter referred to as Fe 2+ ions at site a and b. Fig. 3 shows the 10 K first-derivative EPR spectrum at 222.4 and 331.2 GHz for the magnetic field orientation parallel to the c-axis of the single crystal. At 17 K and 170 GHz the absorption-like spectrum observed is shown in Fig. 4 just for B oriented perpendicular to the c-axis of the single crystal. Also, at this temperature, the last line of site b could not be observed within the magnetic field range 5.2-6.6 T used for recording the spectrum. At 20 K, we just obtained the first-derivative spectrum at 222.4 GHz for B in the parallel orientation to the c-axis of the single 3. Analysis of Fe 2+ EPR spectra
EPR spectra

Spin Hamiltonian (SH)
The EPR spectral line positions observed at the various temperatures and for different orientations of B were fitted simultaneously to estimate the SH parameters for the Fe 2+ (S = 2 spin state) characterized by orthorhombic symmetry, including the second and fourth order zero-field splitting (ZFS) terms [13, 14] 
where l B is the Bohr magneton; the magnetic z-axis is along the respective symmetry axes, which are parallel and perpendicular to the c-axis of the crystal for sites a and b, respectively, and the O m ' are spin operators [13, 14] . Inclusion of a small second-order term depending on E and the fourth-order term B can be assumed to be zero.
Zero-field energy levels
The zero-field energy levels are shown in Fig. 7 for positive D [6] . In the absence of any ZFS (Fig. 7 left) , the S = 2 spin system of the Fe ion possesses five degenerate energy levels (M = ±2, ±1, 0). These are split by the ZFS terms, i.e. the second and subsequent terms in Eq. (1), thereby lifting the degeneracy. The splitting in the middle of Fig. 7 is caused by an axial field (D -0, E = 0), whereas the splitting shown in the right part of this figure is caused by a rhombic distortion (D -0, E -0).The five zero-field eigenfunctions depending on D and E are expressed as follows:
At very high magnetic fields the energies of these levels will increase linearly with the magnetic field (B) intensity for the orientation of B parallel to the magnetic z-axis of the crystal, when the Zeeman term is taken into account.
Relative intensities of EPR lines and the absolute sign of the ZFS parameter D
For the orientation of B parallel to the c-axis, which is parallel to the magnetic z-and x-axes of the Fe 2+ ions at sites a and b, respectively, the intensities of the higher field lines a 4 and b 4 are smaller and larger relative to the lower field lines a 1 and b 1 , respectively. This indicates the absolute sign of D to be negative for both the sites a and b, according to the discussion given by Abragam and Bleaney [13] and Misra [14] , taking into account the transformation of the ZFS parameter D from the magnetic x-to the z-axis for site b. The sign of the other SH parameters relative to D as found from the fitting are correct. The signs of the SH parameters in Table 1 are listed in accordance with this.
Evaluation of Fe 2+ SH parameters from EPR line positions
The spin-Hamiltonian parameters which simultaneously best reproduce the line positions for all the frequencies of measurement at each temperature were determined with a simulation algorithm, developed by Ozarowski [15] , that calculates EPR line positions for any orientation of the magnetic field with respect to the crystal axes, using matrix diagonalization. In Table 1 Table 1 . The good fits at all frequencies and temperatures are fully consistent with an S = 2 ion.
The magnetic z-axes for the two sites were found to be oriented along the directions parallel and perpendicular to the c-axis. This perpendicular direction is also perpendicular to an edge of the hexagonal cross section as shown in Fig. 8 , which depicts the two sets of magnetic axes in relation to crystal morphology of hexagonal prismatic crystals. Examining the values of the SH parameters at all temperatures as listed in Table 1 , it is seen that E, the parameter that indicates rhombic distortion of the axial field is relatively very small as already noted. Specifically |E| < 10 G for site a and |E| < 25 G for site b, which amounts to jE=Djb0:02 for site a and jE=Djb0:01 for site b. This implies that any departure from axial symmetry is extremely small. It is further noted, that the values of g || , g \ and D, in Table 1 
Analysis of Mn 2+ EPR spectra
The Mn 2+ EPR spectrum is always present in the low temperature spectra studied. It is first noted that the Mn 2+ central sextet becomes very sharp at high magnetic fields, because of suppression of second-order perturbation terms due to the Zeeman term becoming rather dominant. They are weakly split due to interac- 
(S = 2) ion with axial (D) and rhombic (E)
zero-field splitting, with D, E taken as >0. In our case, the order of these energy levels is reversed, since D < 0. The axial field splits the spin quintet into a singlet (m s = 0) and two dublets (m s = ±1, ±2). These doublets are further split by the rhombic field, described by the eigen ectors |2 s >, |2 a >, |1 s >, |2 a >; where the superscripts s and a stand for symmetric and anti-symmetric wavefunctions. Fig. 9 , shows all the pertinent features clearly. In this spectrum, a central Mn 2+ sextet appears at about 7.9 T, similar to that in a polycrystalline host [16, 17] [16, 17] . The spin Hamiltonian for the Mn 2+ ion (electron spin S = 5/2, nuclear spin I = 5/2) in an orthorhombic site symmetry is given by [17] : a The last line of site b could not be observed over the magnetic field range 5.2-6.6 T used for recording the spectrum at this temperature. PD (%) has been defined in the caption of Table 2 . Table 6 Experimental (exp.) and calculated (calc.) line positions in Tesla for the 222.4-GHz EPR spectrum at 20 K for the orientation of B parallel to the crystal c-axis. PD (%) has been defined in the caption of Table 2 .
Site a (B || c-axis) For site a the magnetic z-axis is along the symmetry, c-axis, of the crystal, whereas for site b the magnetic z-axis is perpendicular to the c-axis of the crystal.
In (3) g N and l N are the nuclear g factor and nuclear magneton, respectively. In this equation the first three terms represent the electron-Zeeman, nuclear-Zeeman and the electron-nuclear hyperfine interactions. H ZFS is the zero-field splitting (ZFS) term, which can be written for non-axial (orthorhombic) symmetry as:
Here, z denotes the principal axis of the second-order ZFS tensor; again D and E are the axial and orthorhombic ZFS parameters, and S ± = S x ± iS y . In [17] , a formula is provided, which allows one to estimate the value of the ZFS parameter D for the Mn 2+ ion from the splitting of the forbidden hyperfine lines (Dm = ±1, where m is the nuclear magnetic quantum number) of the Mn 2+ central sextet shown in Fig. 10 :
where |DB ex | is the experimentally observed separation between the two peaks corresponding to the two hyperfine forbidden transitions, B 0 is the center of the hyperfine sextet, G 0 = hm, m is the resonance frequency, and A is the hyperfine-interaction constant, g ¼ E D
, and
Each of the six (2I + 1 = 6) intense lines in the hyperfine sextet in Fig. 10 is an allowed hyperfine line (Dm = 0), indicated as 1, 2, 3, 4, 5, 6. To the right (i.e. higher magnetic field) of each allowed hyperfine line and in between adjacent allowed hyperfine lines, the five sets of hyperfine forbidden doublets, indicated as F 1 and F 2 , are observed (Fig. 10) . It is noted, that between the allowed hyperfine lines 4 and 5 there appears a third line, which does not belong to the Mn 2+ hyperfine sextet being considered.
Calculation of the value of the ZFS parameter D for the Mn 2+ ion
The values of B 0 , the center of the hyperfine sextet, jDB 
Discussion and concluding remarks
The It is hoped that the present study will stimulate further investigations into the structural and magnetic phase transitions undergone by the crystal at liquid-helium temperatures. For example, it would be of interest to study the high-field EPR spectra as a function of concentration of the Fe 2+ dopant.
Other somewhat related studies include the early X-band EPR study on 2% Fe 2+ doped ZnSiF 6 Á6H 2 O by Rubins [19] and the FIRmagnetic resonance study on FeSiF 6 Á6H 2 O by Champion and Sievers [20] . According to the calculations of Palumbo [21] for the 3d 6 Fe 2+ ion, with the electronic ground state 5 D (L = 2, S = 2) in a trigonal crystal field, a cubic field splits the orbital levels into an upper doublet and a lower triplet. The trigonal field splits the triplet, so that an orbital singlet lies lowest for the case when the trigonal field (d = 1200 cm
À1
) is much greater than the magnitude of the spin-orbit coupling constant (k = À104 cm À1 ). The fivefold spin multiplicity of this orbital singlet is split by the spin-orbit interaction into a ground singlet with the excited doublets at D (M S = ±1) and 4D (M S = ±2) above it, consistent with the second-order ZFS part of the spin Hamiltonian, given by Eq. (1). At X-band, Rubins [19] just observed the forbidden (DM S = ±2) transitions of the excited orbital doublet M S = ±1 of the spin quintet, as shown in Fig. 7 . He also points out that there is a ''steady change in the crystal field parameters with increasing Fe 2+ concentration." By contrast, we have been able to observe all the allowed (DM S = ±1) transitions possible within the spin quintet (S = 2) at a substantially reduced Fe 2+ concentration. Thus, in our study the ). However, these calculations for FFS are made for D > 0, for which the spin singlet (M S = 0) lies lowest, as shown in Fig. 7 . In our case, for ZFS with very small concentration of Fe 2+ ions, this is not the case as D < 0, so that the energy-level order of the spin quintet is reversed from that for FFS (Fig. 7) . In addition, these theoretical estimates of the ZFS parameters do not take into account the paramagnetic ions in the vicinity.
It is noted that the Fe 2+ ions exhibit very highly axial crystal fields with small non-axial distortion in the doped ZnSiF 6 Á6H 2 O crystal, according to the values of the spin-Hamiltonian parameters determined here. It is likely that there occurs a Jahn-Teller distortion at Fe 2+ sites in our crystal at lower temperatures; e.g. see [23] and references therein.
